This protocol describes the application of fluorescence in situ hybridization (FISH) to three-dimensionally (3D) preserved tissue sections derived from intact plant structures such as roots or florets. The method is based on the combination of vibratome sectioning with confocal microscopy. The protocol provides an excellent tool to investigate chromosome organization in plant nuclei in all cell types and has been used on tissues of both monocot and dicot plant species. The visualization of 3D well-preserved tissues means that cell types can be confidently identified. For example, meiocytes can be clearly identified at all stages of meiosis and can be imaged in the context of their surrounding maternal tissue. FISH can be used to localize centromeres, telomeres, repetitive regions as well as unique regions, and total genomic DNAs can be used as probes to visualize chromosomes or chromosome segments. The method can be adapted to RNA FISH and can be combined with immunofluorescence labeling. Once the desired plant material is sectioned, which depends on the number of samples, the protocol that we present here can be carried out within 3 d.
INTRODUCTION
Many of the most interesting aspects of plant cell biology and development occur in cells deep within tissues of the plant. Examples are male meiosis occurring within the anthers, and embryogenesis and endosperm development occurring within the developing seed. These cells are difficult or impossible to image, even within confocal microscopy, which is rarely able to image deeper than 100 mm. Thus to be accessible to imaging, dissection or sectioning must be used. Vibratome tissue sectioning is a simple way to produce relatively thick sections (20-50 mm), which can be imaged to reveal the structure of the underlying tissues. It has the advantage of preserving 3D structures well, so that subcellular organization can be reliably imaged. Furthermore, reliable identification of cell types often requires an accurate assessment of the tissue context, which is lost when cytological squash preparations are made.
This method does not require embedding of tissue in wax or resin, and can be applied to fixed or unfixed tissues. The only requirements are that the plant tissue has to be sufficiently rigid for sectioning, and the plant parts have to be large enough to handle in the vibratome. These requirements are met by the roots and florets and other organs of many plants. We have used it for both roots and florets of wheat (Triticum aestivum L.) and related species [1] [2] [3] , for rye (Secale cereale L.) florets 4 , for rice (Oryza sativa L.) roots and florets 5 and maize (Zea mays L.) roots 6 among the cereals, and for roots of pea (Pisum sativum L.), bean (Vicia faba L.) 7 and soya (Glycine max L.) 8 . The only plant species with which we have been unsuccessful in vibratome sectioning is Arabidopsis thaliana, because of its small size. By carrying out the sectioning in 100% ethanol, we have also been able to apply vibratome sectioning to early-stage wheat endosperm 9 . The resulting vibratome sections can be used in many different types of labeling experiments. We have used such sections for DNA FISH, for RNA FISH to detect transcripts 10 , for antibody immunofluorescence labeling 8 and for labeling of nascent transcripts by BrUTP incorporation in unfixed tissue. We have also combined antibody and BrUTP labeling with FISH (e.g., ref. 11 ).
This type of sectioning combined with in situ hybridization (ISH) provides good specificity and resolution for screening large number of plants in the required developmental stages, and allows reliable and statistically significant data sets to be collected with a reasonable expenditure of time and effort. FISH and genomic in situ hybridization (GISH) are now well-established techniques for cytogenetical analyses and several groups have successfully applied these methods to wheat and its relatives (e.g. ref. 12). The physical size of introgressed segments can be assessed by GISH, which can distinguish between related genomes when total genomic DNA is used as a probe 13 , and the chromosomal distribution of repetitive sequences can be studied 14, 15 .
We have used this protocol extensively to investigate plant nuclear organization in cereals, which provide excellent models for studying chromosome behavior in a range of tissue types. It provides a reliable tool to answer questions about the nature and timing of recognition events, chromosome associations and control mechanisms before and during meiosis, and to determine, for example, how universal meiotic events are in plants over a wide range of genome sizes and taxa 2, 3, 5, 15, 16 .
MATERIALS

REAGENTS
. . Acetone (Merck) . Glutaraldehyde (Merck) . 1Â PBS buffer pH 7 (150 mM NaCl, 10 mM sodium phosphate pH 7.5,
. 100 . Humidity chamber set at 37 1C for probe detection (or ISH instead of the modified thermocycler) (see EQUIPMENT SETUP) . Confocal microscope equipped with suitable lasers (major providers: Leica Microsystems, Carl Zeiss, Nikon and Olympus Corporation) (see EQUIPMENT SETUP)
REAGENT SETUP Dextran sulfate Dissolve 5 g dextran sulfate ultrapure MW500000 in TE buffer to a final volume of 10 ml by stirring and heating at 70 1C. Aliquots of the solution can be stored at À20 1C for years. NTB buffer For 500 ml stock: mix 250 ml 1 M Tris-HCl pH 7.5, 25 ml 1 M MgCl 2 , 125 ml 20 mg ml À1 BSA and 100 ml water. It can be stored at À20 1C for years. Unlabeled dNTP mixture Mix 2 ml of each 100 mM dATP, dCTP and dGTP with 394 ml NTB buffer. It can be stored at À20 1C for months. Dot blot buffer 1 Mix 10 ml 1 M Tris-HCl pH 7.5, 5 ml 3 M NaCl and sterile water up to 100 ml. It can be stored at room temperature (20-22 1C) for months. Dot blot buffer 2 0.5% (wt/vol) blocking reagent in buffer 1. Dot blot buffer 3 Mix 10 ml 1 M Tris-HCl pH 9.5, 1 ml 1 M NaCl, 5 ml 1 M MgCl 2 and sterile water up to 100 ml. It can be stored at room temperature for months. Hybridization mix For 10 ml stock: 6.25 ml deoinized formamide, 2.5 ml 50% dextran sulfate, 1.25 ml 20Â SSC and 0.15 ml 10% SDS. Mix compounds well. Aliquots of the solution can be stored at À20 1C for years. Blocking solution Add 0.15 g BSA and 0.2% (vol/vol) Tween 20 to 3 ml 4Â SSC. Formaldehyde fixative Make an 8% (wt/vol) solution of paraformaldehyde in water. Stir the cloudy suspension on a hotplate at 60 1C and then add 1-2 drops of 1 M NaOH. The solution should immediately clear. Cool and dilute to 4% by adding an equal volume of 2Â PEM buffer. Detection buffer Mix 22.5 ml NTB and 17.5 ml BCIP. Add dot blot buffer 3 to give a total volume of 5 ml. m CRITICAL Make up immediately before use. EQUIPMENT SETUP Humidity chamber set at 37 1C for probe detection (or ISH instead of the modified thermocycler) A simple homemade humidity chamber can be made as follows: place filter papers saturated in water at the bottom of a plastic box. Put two glass rods on the top of the filter paper and place the slides on top of these; then put the lid on the box and place the box in an incubator at 37 1C. This forms a chamber with relative humidity of 65-75%. Confocal microscope equipped with suitable lasers (major providers: Leica Microsystems, Carl Zeiss, Nikon and Olympus Corporation) For the best optical resolution, use an oil-immersion objective of high NA (1.30) with a Â63 or Â100 magnification. Good results can also be obtained with high NA (1.25) water-immersion objectives. For best optical results, the refractive index of the specimen, of the specimen-mounting medium and of the immersion medium at the objective should all be the same and should be correct for the objective; this is usually difficult to achieve.
PROCEDURE Pretreatment of the slides TIMING E 2 h
1| Wash the slides in 3% Decon for at least 1 h and rinse them thoroughly with distilled water. Air dry slides. Sectioning TIMING Several days, depending on the number of samples 6| Cut 20-mm-thick sections from the plant tissue using a vibratome and allow to dry on multiwell slides. ? TROUBLESHOOTING 7| Check the quality of the sectioned tissue by phase-contrast microscopy. m CRITICAL STEP The quality of the sectioned tissue is crucial to obtain good hybridization signals. We recommend to check the quality of the sectioned tissue by phase-contrast microscopy. Section the plant tissue under sterile water using the vibratome by rapidly vibrating the knife blade. To get the best-quality sections, the amplitude of the blade vibration has to be maximized and the tissue has to be sectioned very slowly. ' PAUSE POINT Sectioned samples can be stored at 4 1C for several days. In some cases, they can be stored with desiccant at À20 1C for several weeks.
Probe labeling TIMING 2 h 30 min 8| Mix 5 ml 10Â NTB buffer, 1 ml 100 mM DTT, 5 ml unlabeled dNTP stock, 1 ml dUTP-biotin (or dUTP-digoxigenin), 2-3 mg DNA template (total genomic DNA, repetitive sequences amplified by PCR or bacterial artificial chromosomes (BACs), 5 ml DNA polI/DNaseI, and sterile water up to 50 ml final volume. m CRITICAL STEP The quality of probes is critical for ISH. It is strongly recommended to check the quality of the DNA in an electrophoresis gel before labeling it. ? TROUBLESHOOTING 9| Incubate at 15 1C for 90 min in a water bath, tube heater or PCR machine.
10| Stop the labeling reaction by adding 5 ml 0.5 M EDTA pH 8 and cool on ice.
11| Purify the probe either using the MinElute PCR purification kit (A) or alternatively by precipitation overnight with 100% ethanol at À20 1C (B). 13| Load the membrane with 1 ml of the DNA probe and leave to air dry for 5-10 min.
14| Place the membrane in dot blot buffer 1 for 1 min.
15| Place the membrane in dot blot buffer 2 for 30 min with shaking.
16| Incubate the membrane in (1:5,000, vol/vol in dot blot buffer 1) anti-digoxigenin-AP or (1:500, vol/vol in dot blot buffer 1) anti-biotin-AP solution for 30 min at 37 1C.
17| Wash the membrane in dot blot buffer 1 for 15 min.
18| Wash the membrane in dot blot buffer 3 for 2 min. 
20|
Wash the membrane in water and leave to air dry.
FISH: prehybridization steps TIMING 2 h 21| Dehydrate slides in an ascending methanol/water series (30%, 50%, 70% and 100%) for 2 min each and air dry slides.
22|
Incubate the tissue sections with the enzyme mix (1% (wt/vol) cellulase, 0.5% (wt/vol) pectolyase in TBS) for 1 h at 37 1C in humidity chamber.
? TROUBLESHOOTING 23| Wash the tissue sections in TBS for 10 min.
24| Dehydrate slides in an ascending methanol/water series (30%, 50%, 70% and 100%) for 2 min each and air dry slides. m CRITICAL STEP Do not store slides after the prehybridization treatment. Proceed with the ISH within hours.
FISH: hybridization TIMING overnight 25| Make 20 ml of hybridization mixture per well by adding 1 ml of (1 mg ml À1 ) salmon sperm and 1 ml of labeled probe to 18 ml of hybridization mix stock. . m CRITICAL STEP Cooling down probes and chromosomes gradually and simultaneously from the denaturation temperature to the hybridization temperature facilitates the annealing between the probe and the chromosomes, reduces background and also helps in renaturation of the chromosome structure.
29| Incubate slides in the thermocycler at 37 1C overnight. Alternatively, hybridization overnight can be done in the humidity chamber at 37 1C. 36| Incubate samples with (1:100) anti-digoxigenin antibody conjugated to FITC or (1:500) extravidin-Cy3 (for digoxigenin-labeled probes or biotin-labeled probes, respectively) for 1 h at 37 1C in humidity chamber. 
ANTICIPATED RESULTS
The use of the vibratome has been crucial for revealing detailed structures of internal plant cells that are not accessible to confocal microscopy on the intact plant or tissue. The thickness of sections that can be cut from unembedded plant tissue using a vibratome ranges from about 20 mm to 1 mm. Figure 1 (panel a) shows a low-magnification confocal image of a longitudinal section 1 mm thick along a wheat root showing the meristematic region. Apart from the caliptra and the apical meristem, all the internal tissues are visible and well preserved, even the central column of developing xylem vessel cells. Figure 1b Tissue sections for FISH are usually between 20 and 50 mm thickness. ISH can be used on thicker sections, but labeled probes do not penetrate efficiently to the innermost cells, and very thick specimens cause problems for high-resolution microscopy, even when a confocal microscope is used. FISH results, in common with all molecular cytogenetic techniques, strongly depend on the quality of the tissue that is used. Preservation and morphology of the intact nuclei are especially important to achieve good FISH results. Good penetration of the probes through the cell wall and into the nucleus is also very important when tissue sections are used for ISH experiments. Probe penetration is enhanced by dehydration in methanol and the treatment of the tissue sections with the cellulase and pectolyase enzyme mix, which partially digests cell walls. Probe penetration can be improved with a longer incubation with the enzyme mix, but a balance between digestion and structural preservation has to be found. Different plant species may require different cell wall digestion enzymes. Some examples of different ISH experiments are presented here to illustrate the range of possibilities this procedure has for investigation of plant nuclear organization, using the protocol described.
The onset of meiosis is marked by the development of a telomere cluster in the PMCs 16 . At this point in anther development, PMCs display only one or two nucleoli (DAPI-negative circular regions in the nucleus). Before the telomeres form a cluster, PMCs and tapetal cells are not morphologically distinguishable, and can be classified only by their position in the anther. To label telomeres, we have used the telomeric sequence as a probe, amplified previously by PCR using the oligomer primers (5¢-TTTAGGG-3¢) 5 and (5¢-CCCTAAA-3¢) 5 in the absence of template DNA 19 . Telomeres associated as a telomere cluster are shown in Figure 1c and e. Figure 1f shows a microsporocyte at a stage before the telomeres form a cluster. For the unequivocal identification and staging of the cells, the general morphology of the flower, the number of nucleoli present in the nucleus, the morphology of the nucleus, the position of the cell in the anther and the disposition of the telomeres can be used. This method has been used to analyze chromosome association during early meiosis in rice, wheat and related species 2, 3, 5, 15, 16 .
This procedure enables not only repetitive DNA structures such as centromeres, telomeres and heterochromatin knobs to be labeled, but also whole chromosomes or chromosome arms in nuclei containing DNA from more than one genome, as occurs in hybrids or in addition, translocation or substitution lines between related species. GISH has been previously used to assess chromosome association on intact nuclei 3, 16 . We have used a wheat (T. aestivum cv. 'Chinese Spring') line carrying rye segments substituted for the equivalent region of the one-dimensional pair of wheat chromosomes. These chromosomes still have wheat telomeres and sub-telomeric regions, and the rye segment possesses a similar gene content but different repetitive content compared to the equivalent wheat region 20 . Vibratome anther sections were labeled simultaneously with total rye genomic DNA (green) and telomere probes (red) by ISH and visualized by 3D confocal microscopy ( Fig. 1c-f) Step Problem Possible reason Solution (Fig. 1d,e) . In the previous stage of meiosis, the two rye segments appear as two foci (Fig. 1f) as they do in somatic interphase nuclei. Chromosome association has been investigated in cultivated rice (O. sativa, AA, 2n¼24, cv. Bengal). ISH using the rice centromeric sequence (RCS2, GenBank accession no. AF058902) as probe was used to detect centromeres in the interphase nuclei of intact root sections in O. sativa. Results are shown in Figure 1g . Centromeres remain largely unassociated in this cell type.
BACs can also be detected by this protocol. A BAC from rice chromosome 1 was used as probe 21 for ISH. The a0040G11 clone is located in contig 16 in rice chromosome 1 and mapped approximately at 100 cM 21 . ISH with this BAC in the root tissue of O. sativa clearly shows two hybridization sites for each BAC corresponding to the two homologous chromosomes (Fig. 1h) . The sequence pSc250, amplified by PCR using total rye genomic DNA as a template to label rye heterochromatin knob DNA 22 , and the telomeric sequence were used for ISH on S. cereale cv. Petkus. Results were visualized by 3D confocal microscopy (Fig. 1i) . Telomeres cluster on one side of the nucleus (red), whereas the heterochromatin knobs on each rye chromosome remain as tight foci (green).
Thus we have demonstrated that this procedure is suitable for analyzing a wide range of probes and tissues. The examples that we show in this article not only validate the procedure that we present, but also show that ISH carried out in 3D plant tissue is a powerful tool for investigating plant nuclear organization. In the version of this article initially published online, the e-mail address for Pilar Prieto appeared as 152prarm@uco.es; it should have been L52prarm@uco.es. The error has been corrected in the HTML and PDF versions of the article.
